Abstract -In this review we summarize the current knowledge on the extensive goat casein polymorphism. Gene structure, and allelic and non-allelic protein variants, characterized by genomic and proteomic analysis, have been described. The effect of genetic casein polymorphism on technological and nutritional properties of goat's milk has been briefly reported. Goat casein genes show a range of different post-translational modifications and complex patterns of splicing, leading to a great heterogeneity of this fraction. In the light of some recent findings, a genomic and proteomic combined approach appears to be the tool of choice in order to gain an exhaustive characterization of these milk proteins.
INTRODUCTION
Caseins, the most abundant milk proteins, are a family of acidic, proline-rich phosphoproteins designed to form large, spherical, micellar structures in colloidal suspension with calcium phosphate.
In all species studied so far, casein genes form a cluster of between 250 and 350 kb ( Fig. 1) , in which the "calcium-sensitive" (Ca-sensitive) caseins, α s1 (CSN1S1), β (CSN2) and α s2 (CSN1S2), are tightly evolutionarily related, whereas κ-casein (CSN3) is physically and functionally linked [92] . The organization and orientation of the genes in the cluster is highly conserved, mainly in the 5' and 3'UTRs, in the signal peptide and in the major phosphorylation sites [63] . In all casein genes the first exon encodes the 5'UTR. In the Ca-sensitive caseins the second exon harbors the remaining 12 nt of the 5'UTR and encodes the signal peptide, 15 residues long, and 2 AA of the mature protein. In CSN3 the signal sequence is encoded by exon 2 and part of exon 3 [92] .
In goats, as in cattle, the casein genes cluster region, as first reported by Grosclaude et al. [38] , spans 250 kb on chromosome 6 [32, 101] .
Caprine casein genes exhibit an unusual and extensive polymorphism that affects milk quality and composition. In milk each casein consists of two or more forms genetically determined by codominant alleles: the primary structures vary considerably due to point mutations (SNP, Single Nucleotide Polymorphism), insertion/deletion and differential splicing patterns. Differences in primary structures can strongly modify electric charge, hydrophobic properties, and the size and shape of the molecule; moreover, large insertions/deletions in the transcription unit as well as mutations in the promoter or in the regulatory sequences can affect the gene transcription rate.
Premature stop codons associated with a decrease in the level of the relevant transcripts have also been reported for each Casensitive casein gene [72, 73, 81, 83, 84] .
Lastly, casein heterogeneity in milk can also be caused by post-translational modifications, such as different levels of phosphorylation and glycosylation.
To analyze these phenotypes various electrophoretic techniques have been used, but none of them appears to be fully satisfactory, either for the resolution or the identification of the relevant variants. In recent years, mass spectrometry coupled with appropriate separation techniques, such as high-performance liquid chromatography (HPLC) or two-dimensional electrophoresis (2DE), has become increasingly important as a powerful tool for protein characterization.
The aim of this review is to give an overview of the current knowledge on the polymorphism of the casein fraction in goat's milk as revealed by genomic and proteomic studies, and its potential impact on goat's milk characteristics.
GOAT CASEIN POLYMORPHISM

α s1 -Casein
The CSN1S1 gene spreads over a quite large transcriptional unit of 16.7 kb and consists of 19 exons varying in length from 24 bp to 358 bp [82] . In these last two decades several studies have reported that the remarkable genetic polymorphism at the α s1 -casein locus is greatly responsible for the individual variations observed in the casein content of the caprine milk (for a review see [59] high amount of α s1 -casein (∼3.5 g·L −1 per allele), the alleles E and I with an intermediate amount (∼1.1 g·L −1 per allele), and the alleles D, F and G with a low amount (∼0.45 g·L −1 per allele) [59] . The alleles 0 1 , 0 2 and N are responsible for the null phenotype, corresponding to the apparent absence of this fraction in milk [22, 59, 83] . Therefore, milk produced by goats with different CSN1S1 genotypes shows a variable amount of α s1 -casein, ranging from 7 g·L −1 in strong allele homozygous goats, to 0.9 g·L −1 and 0 g·L −1 in weak and null homozygotes, respectively.
The primary structure of the A, B 1 , B 2 , B 3 , B 4 , C, E, H, I and L protein variants contains 199 residues and differs in single amino acid substitutions caused by single point mutations; D and F variants are characterized by the internal deletion of 11 and 37 amino acid residues, respectively. Both deletions arise from the 59th residue of the polypeptide chain and lead to the loss of a multiple phosphorylation site [11, 12] . In the F variant the deletion is due to the outsplicing of three exons (9-10-11) during pre-mRNA processing, and the transcription efficiency of the mRNA of allele F is 6 times lower than that of the allele A. The deletion of a single nucleotide occurring within the exon 9 may be the cause of this altered transcription process [52] . The F allele is also characterized by two short insertions of 11 bp and 3 bp in the 9th intron and by a deletion of 7 bp in the 14th intron [52, 83] .
The weak G allele shows the same expression level as the F allele; however, it is characterized by the loss of 13 amino acid residues starting from the 14th position (14→26) and corresponding to the entire exon 4 [58] .
Reduced protein synthesis regarding the intermediate allele E is due to the insertion of a 458 bp truncated LINE sequence in position 124 within exon 19, which leads to instability and a threefold reduction of the related messenger amount [45] .
The CSN1S1 M allele, observed for the first time by Chianese et al. [17] , shows a C→T transition which leads to the Ser 66 →Leu 66 substitution with regard to variant A and, as a consequence, to the loss of two phosphate groups within the major phosphorylation site [8] . It is a strong variant observed in heterozygous form, probably resulting from interallelic combination.
The null allele 0 1 is characterized by a large deletion of about 8.5 kb starting from the 181th nucleotide of intron 12, which involves the last 7 exons of the gene [22] . On the other hand, allele 0 2 should present a large and uncharacterized insertion according to Martin et al. [59] .
Recently a new "null" allele named N, associated with an apparent lack of [83] α s1 -casein, has been found in an Italian population. It is chiefly characterized by the deletion of a cytosine at the 23th nucleotide of exon 9, resulting in a frameshift that determines a premature stop codon in the 12th exon and, at the same time, by the absence of the 11 bp insertion within the downstream intron, as observed in the F allele [83] .
Moreover, proteomic analyses have shown that each α s1 -casein variant can be present as a mixture of up to eight molecular species differing in polypeptide chain length. The full-length protein is the main component, whereas other defective forms, characterized by some internal deletions (residue Gln 78 and/or peptides Glu 110 -Glu 117 and/or Glu 141 -Gln 148 or combinations of them), derive from skipping events or alternative splicing during primary transcript processing [30, 31] .
β-Casein
The CSN2 gene is smaller than the other two Ca-sensitive casein genes, consisting of 9 exons ranging from 492 bp and 24 bp. β-Casein, which is the major goat's casein fraction in goat's milk, has long been considered to be monomorphic. The heterogeneity of PAGE and Immunoblotting patterns was thought to be originated only by a discrete phosphorylation rate [15] : in fact, two main phosphorylation levels (5 and 6P) occur with comparable relative abundance [90] , but other forms (3 and 4P) have [14] also been reported [15] . The six phosphorylation sites have been located by homology with bovine β-casein and confirmed by direct characterization [69] .
In the 90s the amino acid sequence of the β-casein variant A was determined from the corresponding cDNA precursor [93] (accession number P33048). The occurrence of another allele, named B, was subsequently reported [54] , but protein and DNA sequences are still undetermined (Tab. II). In the meantime, goats producing reduced amounts of β-casein were identified: milk samples devoid of or with a reduced amount of β-casein (50%) were detected at a phenotypic level through electrophoretic techniques in some breeds of Southern Italy [15, 26, 79] , in Creole goats of Guadalupe [54] and in Pyrenean goats [37] . Two different null alleles, named CSN2 0 and CSN2 0 , are responsible for this phenotype. The CSN2 0 allele, described by Persuy et al. [72, 73] in Creole goats, originates from a single deletion of an adenine in a row of four adenines in the 7th exon spanning codons 48 ± 49 of the CSN2
A sequence (GenBank accession number: AF172260) that results in one-nucleotide frame-shift, leading to a premature stop codon at position 73. A weak level of expression was reported for this allele: the amount of CSN2 00 mRNA was roughly 5% of the amount of mRNA obtained at the same age and stage of lactation from CSN2
AA goats [72, 73] . The null allele named 0', observed in some Italian breeds, presents a C→T transition at the 373rd nucleotide within the 7th exon that produces a premature nonsense codon at position 182 [84] . Northern blot analysis demonstrated that the amount of CSN2 0 mRNA is 10 times lower than that of CSN2
A [79] . In spite of the reduced amount and stability of the related mRNA transcript, the premature stop codon in position 182 should be consistent with the expression of a mature protein of 166 residues. Such a protein was recently isolated and fully characterized by coupling RP-HPLC/ESI-MS, MALDI/TOF-MS and tandem mass spectrometry by Cunsolo et al. [24] in a milk sample produced by a homozygous CSN2 0 0 Sicilian goat. The C variant was characterized at the protein level, by combined use of peptide mass fingerprinting and tandem mass spectrometry (MS/MS) by Neveu et al. [69] . It had previously been described at the DNA level by 
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Deletion of the C-terminal tetrapeptide [25] Val 207 →Asn 207 , was identified in a very low amount in a milk sample of a goat from Southern Italy carrying the CSN2 C allele. This non-allelic variant is a minor component of the casein fraction derived from the C allele, because of a "mistake" in the translation of the CSN2 C mRNA at the level of the last amino acid residue [34] .
A silent allele (A1), characterized by a SNP in the 9th and last exon, was recently sequenced [23] . Lastly, a new allele was identified and characterized: it is named E and seems to be specific to the Frisa goat, a local breed of Northern Italy [14] .
α s2 -Casein
The CSN1S2 gene is 18.5 kb long and consists of 18 exons which vary from 21 to 266 bp [36] . Seven alleles, showing three different synthesis levels, have been identified so far (Tab. III). The A, B, C, E and F alleles are characterized by point mutations related to single amino acid substitutions [10, 48, 80, 103] [80] . Erhardt et al. [29] report the α s2 -casein variant G separated by IEF with an IP between that of variants A and C, that occurs at very low frequencies and is not characterized.
The null allele CSN1S2 0 associated with a non-detectable amount of this casein fraction shows a G→A transition at the 80th nucleotide in exon 11, creating a premature stop codon at position 110 [81] . The total absence of this casein fraction in a CSN1S2 00 homozygous goat from Southern Italy was confirmed by RP-HPLC/ESI-MS analysis [56] .
Mass spectrometry studies revealed that in goat's milk each α s2 -casein variant can exist in two forms; the main component corresponds to the full length of 207 residues, while the minor component, originated by a skipping event, lacks the internal sequence Glu 34 -Glu 42 or Lys 35 -Glu 43 [31] . Recently, two new truncated subvariants of goat α s2 -casein variants A and E have been identified and fully characterized by RP-HPLC/ESI-MS [25] . These two sub-variants differ from the corresponding full-length proteins (A and E) by the absence of the C-terminal tetrapeptide and seem to be originated by the differential splicing of their correspondent mRNA. These proteins, having an experimentally determined M r 23 183 and M r 24 227 Da, respectively, corresponding to AA 1-204 of the full-length variants, were detected as minor components in the casein fraction obtained from milk of a goat belonging to an autochthonous breed from Southern Italy.
The deleted forms of variants A and E, characterized by the internal deletion of Glu 34 -Glu 42 , have also been reported by the same team [25] and by Ferranti et al. [31] , attributed to alternative skipping as happens in α s1 -casein.
κ-Casein
Caprine κ-casein was first isolated by Zittle and Custer [110] and then characterized at protein level by Mercier et al. [64, 65] . Compared with the Casensitive caseins, CSN3 exhibits distinctive properties: it is the only glycosylated and hydrophilic casein, so it is soluble in a broad range of calcium ions and presents a lower phosphorylation level. Its signal peptide consists of 21 residues, while in Ca-sensitive caseins it is 15 residues long [68] . Mercier et al. [64] first reported the occurrence of polymorphism of the goat κ-casein: a neutral substitution Val 119 /Ile 119 was found in an AlpineSaanen goat, then confirmed by Addeo et al. [1] , together with the existence of heterogeneity at the glycosylation rate.
In the 90s different polymorphic patterns were described through different methods: protein electrophoresis [27, 94] , chromatographic techniques [46, 51] and capillary electrophoresis [87] . The two main genetic variants, described in an Italian population, were named A and B like their cattle counterpart [27] .
cDNA and the promoter region of the caprine CSN3 were first sequenced by Coll et al. [20, 21] and then confirmed by Ward et al. [106] . The κ-Casein gene includes 5 exons, 4 of them carrying more than 90% of the information to encode for the mature protein.
More recently, the presence of the two variants, A and B, previously detected only by gel electrophoresis, was confirmed both at protein and DNA level [13, 18] .
Only in the last few years has the CSN3 gene been shown to have many allelic forms [3, 44, 78, 108, 109] . According to the new nomenclature proposed by Prinzenberg et al. [78] , at the 4th exon of the CSN3 gene 16 alleles have been characterized, resulting in 13 protein variants (Tab. IV).
All these κ-casein variants found in Capra hircus can be divided into two groups on the basis of their isoelectric point (IP): A IEF (A, B, B', B", C, C', F, G, H, I, J, L -IP = 5.29) and B IEF (D, E, K, M -IP = 5.66) [78] . Chianese et al. [18] observed that the B IEF group of κ-casein variants seems to be associated with higher casein content in milk than the A IEF group.
CURRENT PERSPECTIVE ON THE IMPACT OF GOAT CASEIN POLYMORPHISM
In the last two decades research has continued to reveal the extensive casein polymorphism occurring in goat, but in spite of a large number of papers dealing with the wide heterogeneity of the casein fraction, the studies on the related impact are not so numerous. Several studies investigated Casensitive caseins (α s1 , α s2 and β), located within the micelles, establishing that they affect the technological properties of milk: strong alleles improve cheese-making and fat percentage: on the contrary, defective and null alleles make these features worse [15, 40, 60, 66, 67, 75, 76, 85, 89, 91] . According to these findings genotypes at α s1 and β casein loci have been used for selection in breeding programs in some French and Spanish breeds [4, 55, 74, 91, 97, 99] .
More recently, the interest of researchers has been focused on κ-casein, which is located on the surface of the micelles and has been revealed to affect the technological properties of milk: B IEF variants being associated with higher casein content in milk than A IEF [18, 19] . This association could be due to the direct effect of the different alleles as well as to the haplotype combinations, in which B IEF variants are associated with strong alleles at CSN1S1 and CSN1S2 loci [96] . The inclusion of κ-casein genotypes, as an Because of the tight association among casein genes, the estimation of the relationship between casein variants and milk production traits can be improved by considering the entire casein haplotype instead of single gene typing [96] .
In relation to the nutritional aspect, goat's milk has many indisputable health benefits related to a number of medical problems, foremost being malnourishment, gastro-intestinal disorders and cow's milk protein allergies (CMPA) [2, 5, 42, 43, 50, 70, 86, 95] . Unfortunately, most of these studies use bulk, uncharacterized goat's milk instead of individual, characterized milk: this strategy cannot highlight the specific role of casein polymorphism on these nutritional traits.
The overall judgement on goat's milk as a substitute for cow's milk in CMPA is still conflicting: several clinical trials report a high percentage of patients with CMPA that tolerate goat's milk [41, 71, 88, 100] , other studies report cases of cross-reactions between cow's and goat's milk [6, 35] or even rare cases of goat's milk allergy [107] , sometimes also in the absence of cow's milk sensitivity [49, 102] .
Among the several milk allergens that could elicit allergic reactions in sensitized individuals [47, 98] , β-lactoglobulin and α s -caseins, absent in human milk, seem to be the most relevant [28, 104] . Genetic casein polymorphism associated with the absence of α s -caseins in milk of some, rare goats may actually help identify which protein is mainly responsible for the allergenic reaction.
To date the allergenic potency of goat's milk with different contents of α s -casein has been investigated in only two trials. A clinical test carried out on guinea pigs revealed that goat's milk lacking α s1 -casein is less allergenic than other goat's milk, probably because of a modified β-lactoglobulin/α s -caseins ratio [7] . In an in vitro immunological test the absence or a reduced amount of α s2 -casein in goat's milk caused only a small decrease in the allergenic potency of the casein fraction, suggesting that first and foremost whey proteins play a crucial role in the allergic reaction [57] .
Caseins represent a reservoir for a wide variety of bioactive peptides (Tab. V), minor regulatory compounds with hormonelike activity, that could affect milk nutritional value [61, 62] . Bioactive peptides are inactive within the sequence of the protein and can be released by enzymatic proteolysis during gastrointestinal digestion or food processing [33, 61] ; therefore, mutations in protein genes might abolish or spring biological properties, by generating new sequences. Potential health-enhancing components could remain to be found in milk proteins and it is probably in this area that research may provide the basis for the inclusion of goat caseins as ingredients in functional foods [77] .
In conclusion, we believe that the direct impact of this extensive heterogeneity needs to be investigated better in order to gain new insights into the biological functions of goat caseins, just barely known and little exploited. The evidence of the complex splicing patterns of the casein genes lead to considering the genomic and proteomic combined approach as the only tool of choice for an exhaustive characterization of the goat casein fraction.
